Myocyte enhancer factor 2 (MEF2) transcription factors are key regulators of the development and adult phenotype of diverse tissues, including skeletal and cardiac muscles. Controlled by multiple post-translational modifications, MEF2D is an effector for the Ca 2؉ /calmodulin-dependent protein phosphatase calcineurin (CaN, PP2B, and PPP3). CaN-catalyzed dephosphorylation promotes the desumoylation and acetylation of MEF2D, increasing its transcriptional activity. Both MEF2D and CaN bind the scaffold protein muscle A-kinaseanchoring protein ␤ (mAKAP␤), which is localized to the nuclear envelope, such that C2C12 skeletal myoblast differentiation and neonatal rat ventricular myocyte hypertrophy are inhibited by mAKAP␤ signalosome targeting. Using immunoprecipitation and DNA-binding assays, we now show that the formation of mAKAP␤ signalosomes is required for MEF2D dephosphorylation, desumoylation, and acetylation in C2C12 cells. Reduced MEF2D phosphorylation was coupled to a switch from type IIa histone deacetylase to p300 histone acetylase binding that correlated with increased MEF2D-dependent gene expression and ventricular myocyte hypertrophy. Together, these results highlight the importance of mAKAP␤ signalosomes for regulating MEF2D activity in striated muscle, affirming mAKAP␤ as a nodal regulator in the myocyte intracellular signaling network.
The MADS (minichromosome maintenance gene-1, agamous, deficiens, and serum response factor) box transcription factor MEF2 family is an important regulator of both tissue specification in development and the response to disease (1) (2) (3) .
For example, triple gene deletion of MEF2A, -C, and -D impaired myoblast differentiation and skeletal muscle regeneration in mice (4) . In addition, MEF2D was required in vivo for the induction of pathological cardiac remodeling by pressure overload and chronic catecholamine infusion (5) . As a transcription factor family that directly binds DNA, MEF2 serves to nucleate chromatin complexes at promoters and enhancers that activate or repress gene expression through the recruitment of histone acetylases (e.g. p300) and class IIa histone deactylases (HDAC4, -5, -7, and -9), 3 respectively (6) .
The activity of MEF2 transcription factors is extensively regulated by post-translational modifications, such that they serve as nodal integrators of intracellular signaling by Ca 2ϩ , mitogenactivated protein kinase, cyclic nucleotide, and phospholipiddependent pathways (1) (2) (3) . One key regulator of MEF2 activity is the Ca 2ϩ /calmodulin-dependent protein phosphatase calcineurin (CaN), which can potentiate MEF2-dependent transcriptional activity through residue-specific dephosphorylation. An elegant model has been proposed for the activation of MEF2A in which CaN dephosphorylation of MEF2A Ser-408 promotes the desumoylation and acetylation of Lys-403 (7, 8) . A similar model has been proposed for MEF2D residues Ser-444 and Lys-439 (9) . Despite extensive information regarding the regulation of MEF2-dependent gene expression by chromatin complexes and their modification by signaling enzymes, how cross-talk between the multiple relevant upstream signaling pathways is coordinated remains obscure. Given the prominent role of MEF2 transcription factors in disease, a better understanding of MEF2 regulatory mechanisms is not only of basic scientific interest, but also direct translational importance.
We have published that MEF2A and MEF2D (which can strongly form heterodimers), CaN, and class IIa HDACs all associate with the scaffold protein muscle A-kinase-anchoring protein (mAKAP) (10 -13) . mAKAP is expressed as two alternatively spliced isoforms that are highly conserved among ver-tebrate species, mAKAP␣ (250 kDa) in neurons and mAKAP␤ (230 kDa) in striated myocytes ( Fig. 1A) (14, 15) . Localized to the nuclear envelope, mAKAP␤ function has been extensively studied and plays key roles in the regulation of gene expression controlling pathological cardiac remodeling and skeletal muscle regeneration (15) (16) (17) . Following early studies regarding the coordination of cAMP and mitogen-activated protein kinase signaling by mAKAP␤ signalosomes (18, 19) , mAKAP␤ was shown to bind also protein kinase D and its activators phospholipase C⑀ and protein kinase C⑀, conferring mAKAP␤-dependent regulation of type II HDAC nuclear-cytosolic translocation by both phosphoinositide and protein kinase A signaling (12, 20, 21) . As currently defined, the mAKAP domain that binds HDACs overlaps that for MEF2A/D (mAKAP amino acid residues 301-500) (11, 12) , whereas CaN binds a distinct mAKAP domain (aa 1286 -1346) (13) . Notably, MEF2-CaN complexes were only detected in cardiac myocytes in the presence of mAKAP␤ expression, demonstrating the importance of the bridging scaffold for signalosome formation (10) . Unlike the binding of inactive CaN to other scaffold proteins (22) , CaN is recruited to mAKAP␤ in hypertrophic agonist-stimulated myocytes in an active conformation (13) . Accordingly, we have shown that MEF2 transcriptional activity is inhibited in cells by anchoring disruptor peptide-based blockade of either mAKAP␤-MEF2 or mAKAP␤-CaN binding (10, 11) . Taken together, the literature supports a model in which mAKAP␤ signalosomes coordinate the regulation of MEF2 and class IIa HDACs by upstream signals, thereby modulating MEF2-dependent gene expression in striated myocytes.
Whereas a role for mAKAP␤ in regulating MEF2-target genes has been established for both skeletal myocyte differentiation and pathological cardiac remodeling (11, 15) , it remains unclear how mAKAP␤-bound CaN affects MEF2 activity. As for nuclear factor of activated T-cells (NFATc) transcription factors, CaN dephosphorylation can increase MEF2D mobility in SDS-PAGE (8, 9) . mAKAP␤ gene deletion blocked the increase in MEF2D mobility in SDS-PAGE detected using heart extracts obtained from mice subjected to long-term pressure overload (15), a condition when MEF2D would be expected to be active and promote adverse remodeling (5) . We now reveal that mAKAP␤ scaffolding is required in myocytes for CaN-dependent MEF2D Ser-444 dephosphorylation, resulting in a switch between sumoylation and acetylation and between HDAC5 and p300 association, ultimately effecting MEF2Ddependent gene transcription. This study provides mechanistic insight into how MEF2D is regulated by mAKAP␤ signalosomes, affecting the composition of MEF2D chromatin complexes.
Results

Recruitment of calcineurin to mAKA␤ signalosomes during myoblast differentiation
CaN is a constitutive heterodimer of catalytic (CaNA) and regulatory (CaNB) subunits (22) . We have previously published that unlike CaN scaffolds containing a consensus PXIXIT CaN binding motif that can constitutively bind an allosteric site on the CaNA subunit, CaNA binding to mAKAP␤ is increased in the presence of Ca 2ϩ /calmodulin and induced in cardiac myocytes by adrenergic stimulation (13) . We now show that CaN-mAKAP␤ binding is similarly regulated during myoblast differentiation. C2C12 mouse skeletal myoblasts were transfected with an expression plasmid for FLAG-and mCherry-tagged CaNA␤ and cultured in growth (GM) or differentiation (DM) medium. FLAG tag antibody-mediated immunoprecipitation of mAKAP␤ was significantly increased using cells cultured in DM ( Fig. 1B ; note that the duration of culture in DM was insufficient to increase mAKAP␤ expression (11) ). Consistent with the binding of activated CaNA␤ to mAKAP␤, mAKAP␤-CaNA␤ co-immunoprecipitation was inhibited by the CaN inhibitor cyclosporin A. CaNA␤ binding to mAKAP␤ in C2C12 cells was apparently to the same mAKAP␤ site described previously (13) , as expression of a CaN anchoring disruptor based upon the previously defined mAKAP CaN-binding domain (CBD; mAKAP aa 1285-1345), which does not inhibit CaN activity but only CaN-mAKAP binding (13) , competed CaN-mAKAP␤ co-immunoprecipitation ( Fig. 1C ). mAKAP␤ is localized to the nuclear envelope by binding to the transmembrane protein nesprin-1␣ (23) . Consistent with the recruitment of CaN to mAKAP␤ in differentiating myoblasts, CaNA␤ was enriched in a nuclear fraction (containing the nuclear envelope) only in C2C12 cells in DM ( Fig. 1D ). Notably, CaN enrichment in the nuclear fraction was inhibited by cyclosporin A, depletion of mAKAP␤ using siRNA, and expression of the CaN anchoring disruptor peptide ( Fig. 1 , D-F). Together, these results imply that active CaN is recruited to perinuclear mAKAP␤ signalosomes by DM stimulation.
mAKAP␤ is required for calcineurin-catalyzed MEF2D Ser-444 dephosphorylation
Ser-444 is the primary CaN-dephosphorylated MEF2D residue for transcriptional activation (8) . We have previously reported that MEF2D transcriptional activity in C2C12 cells is induced by DM, such that the activation is inhibited by expression of the mAKAP-derived CaN anchoring disruptor peptide (10) . Consistent with that report, we determined that phosphorylation of MEF2D detected with a phospho-Ser-444 -specific antibody was decreased in cells cultured in DM via a CaN-dependent mechanism ( Fig. 2A ). In addition, as mAKAP␤ was required for CaN and MEF2D association in myocytes (10), Ser-444 dephosphorylation was inhibited by siRNA-mediated suppression of mAKAP␤ expression in cells ( Fig. 2B ). Just as CaN-mAKAP␤ binding can be inhibited using CBD, MEF2 binding to mAKAP␤ can be competed by expression of the mAKAP MEF2-binding domain (MBD; mAKAP 301-500; Fig.  1A ) (11) . The importance of mAKAP␤ signalosome formation for Ser-444 dephosphorylation was thereby corroborated using the CaN and MEF2D anchoring disruptor peptides to prevent DM-induced dephosphorylation (Fig. 2 , C and D), demonstrating the importance of active CaN at mAKAP␤ signalosomes for this post-translational modification.
CaN-dependent MEF2D dephosphorylation induces a switch between sumoylation and acetylation
In neurons and heterologous cells, MEF2D Ser-444 dephosphorylation promotes the desumoylation and acetylation of mAKAP␤, CaN, and MEF2D regulation . We found that culturing of C2C12 cells in DM also promoted the desumoylation of MEF2D (Fig. 3A ). Likewise, a Ser-444 alanine MEF2D phosphoablative mutant (S444A) was decreased in sumoylation, whereas a Ser-444 glutamic acid phosphomimetic mutant (S444E) was increased in sumoylation when expressed in heterologous cells ( Fig. 3B ). Importantly, mAKAP depletion using siRNA inhibited the desumoylation induced by DM in C2C12 cells ( Fig. 3C ). Furthermore, inhibition of CaN-mAKAP␤ binding by the CaN anchoring disruptor peptide also inhibited DM-induced desumoylation in C2C12 cells ( Fig. 3D ), demonstrating the importance of complex formation for this posttranslational modification event.
As expected, MEF2D desumoylation was concurrent with MEF2D lysine acetylation in C2C12 cells (Fig. 4A ). Likewise, the MEF2D S444A, but not the S444E, mutant was increased in acetylation in HEK293 cells (Fig. 4B ). In addition, both expres-sion of mAKAP␤ and CaN anchoring to mAKAP␤ in C2C12 cells was required for the DM-induced MEF2D acetylation ( Fig.  4 , C and D). Together, these data show that the previously described sumoylation-acetylation switch occurs in C2C12 cells and, moreover, via a mAKAP␤-anchored CaN-dependent mechanism.
Desumoylation-acetylation drives a switch in MEF2D transcriptional co-activator/co-repressor binding
As MEF2D dephosphorylation, desumoylation, and acetylation correlated with increased MEF2D transcriptional activity in C2C12 cells in DM (11), we considered that the altered posttranslational modifications might impact the binding of transcriptional co-regulators. To test this hypothesis, we co-immunoprecipitated HDAC5 co-repressor and p300 co-activator with MEF2D in C2C12 extracts. GFP-tagged HDAC5 was readily co-immunoprecipitated with FLAG-and GFP-tagged (14) . The three spectrin repeats (SR) required for nuclear envelope targeting are indicated (40) . Binding sites are shown for those mAKAP binding partners for which there is evidence of direct binding: 3-phosphoinositide-dependent kinase-1 (PDK1) (14) ; adenylyl cyclase 5 (AC5) (41); MEF2 (11); phospholipase C⑀ (PLC⑀) (21); nesprin-1␣ (23); ryanodine receptor (RyR) (42); CaN (13); phosphodiesterase 4D3 (PDE4D3) (38) ; p90 ribosomal S6 kinase 3 (RSK3) (43); protein kinase A (PKA) (40); protein phosphatase 2A (PP2A) (44) . HDAC5 binding to mAKAP␤ has been mapped to the MEF2D site (12) . MEF2D (aa 301-500) and CaN (aa 1285-1345) binding domain peptides are designated MBD and CBD, respectively. B, C2C12 cells transfected with an expression plasmid for mCherry-and FLAG-tagged CaN were cultured in GM or DM in the absence or presence of cyclosporin A (500 nM) for 3 h before immunoprecipitation using FLAG antibodies and detection of associated mAKAP␤. p (one-way ANOVA) Ͻ 0.0001. C, same as in B except using cells co-expressing CBD-mCherry or mCherry control. Note that CaN-mCherry-FLAG and the smaller CBD-mCherry (37 kDa) and mCherry (29 kDa) were readily separated by SDS-PAGE. p (two-way ANOVA for both factors and interaction) Ͻ 0.02. D, C2C12 cells cultured as in B were fractionated into cytosolic and nuclear fractions. GAPDH and lamin A antibodies were used to show the efficiency of fractionation. Detection of endogenous CaNA␤ in each fraction was determined by Western blotting. p (two-way ANOVA for culture conditions and interaction) Ͻ 0.01. E, C2C12 cells were transfected with mAKAP or control siRNA before fractionation and analysis as in D. F, C2C12 cells were transfected with mCherry or CBD-mCherry expression plasmids before fractionation and analysis as in D. p (two-way ANOVA for both factors and interaction) Ͻ 0.02 for both cytosolic and nuclear fractions for E and F. n ϭ 3 independent experiments for all panels. *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001. Error bars, S.E.
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MEF2D from cells in growth, but not differentiation, medium (Fig. 5A ). Likewise, MEF2D WT and S444E, but not S444A, mutant was associated with HDAC5 in HEK293 cells ( Fig. 5B ). Further, the loss of HDAC5 binding in C2C12 cells cultured in DM depended upon mAKAP␤ expression and mAKAP␤-anchored CaN, consistent with the aforementioned regulation of Ser-444 dephosphorylation (Fig. 5, C and D) . Conversely, culture in DM induced the association of p300 with MEF2D ( Fig.  6A ). Likewise, MEF2D S444A, but not WT and S444E, bound p300 in HEK293 cells (Fig. 6B ). This association was dependent on the expression of mAKAP␤ ( Fig. 6C ). Moreover, the recruitment of p300 depended upon CaN binding to the mAKAP␤ scaffold, as shown by expression of the anchoring disruptor peptide in C2C12 cells (Fig. 6D ).
Whereas MEF2D can directly bind DNA, where it may recruit either co-repressors or co-activators to individual promoters and enhancers, MEF2D can also be recruited via other transcription factors to participate in higher-order chromatin complexes (24) . One example is the recruitment in the presence of activated CaN of MEF2D and p300 to the MyoD cis-active element at Ϫ462 to Ϫ457 bp of the Myh7 (␤-myosin heavy chain) promoter (24) . Using a biotinylated oligonucleotide encompassing that site in a pulldown assay, MEF2D-binding activity for the MyoD cis-active element was found to be enhanced in C2C12 cells in DM (Fig. 7A ). Consistent with the above results, recruitment of MEF2D was inhibited by the CaN inhibitor cyclosporin A, by S444E mutation, by mAKAP␤ depletion using siRNA, and by expression of the CaN anchoring disruptor peptide ( Fig. 7, B-D) . Taken together, these results show that dephosphorylation of MEF2D Ser-444 promoting desumoylation and acetylation of the transcription factor results in a switch between MEF2D binding to transcriptional co-repressors and co-activators, all requiring association with the mAKAP␤ scaffold in differentiating myoblasts.
Functional consequences of CaN-dependent MEF2D dephosphorylation
The biochemical studies described above revealed how altered MEF2D post-translational modifications result in altered transcriptional co-regulator binding. To show the functional consequence of these post-translational modifications in C2C12 cells, the expression of myocyte markers known to be directly regulated by MEF2D and induced during myoblast differentiation was assayed (1, 24) . Consistent with the recruitment of p300 co-activator to MEF2D in DM via a mAKAP␤-dependent mechanism, mAKAP␤ siRNA attenuated the DM-induced expression of myosin heavy chain and myogenin (Fig.  8A ). In support of these findings, expression of MEF2D S444A, mimicking MEF2D activation by DM, induced the expression of myosin heavy chain in C2C12 cells cultured in GM ( Fig. 8B) . Conversely, expression of MEF2D S444E mutant significantly repressed the expression in C2C12 cells in DM of myosin heavy chain and myogenin ( Fig. 8C ).
To determine whether CaN-dependent MEF2D dephosphorylation was also important for cardiac myocyte hypertrophy, the MEF2D mutants were expressed in cultured rat neonatal ventricular myocytes (RNVMs). Expression of MEF2D S444A resulted in increased RNVM cross-section area regardless of whether the cells were cultured in the presence of the hypertrophic ␣-adrenergic agonist phenylephrine (PE) or in minimal medium (Fig. 8C ). Whereas S444E mutation had no effect in presence of PE, unstimulated RNVMs expressing the S444E 
mAKAP␤, CaN, and MEF2D regulation
mutant tended to be smaller than those overexpressing WT MEF2D (p ϭ 0.11). Together, these results show that mAKAP␤-facilitated, CaN-catalyzed alterations in MEF2D post-translational modification can have significant effects upon the phenotype of striated myocytes.
Discussion
This study provides two major insights into the regulation of MEF2D transcription factor ( Fig. 8D ): 1) association of MEF2D and CaN with the scaffold protein mAKAP␤ is required for dephosphorylation of Ser-444 and its consequences in myocytes, and 2) Ser-444 dephosphorylation and subsequent MEF2D desumoylation and acetylation result in a switch between binding of HDAC5 co-repressor and p300 co-activator that correlates with an increase in MEF2D-dependent gene transcription.
We previously published that MEF2 activity in myocytes depends upon mAKAP␤-associated CaN (10) . Unlike at other scaffolds where CaN is bound in an inactive conformation ready for local action (22) , we found that catalytically active CaN is recruited to mAKAP␤ upon myocyte stimulation, whether in cardiac myocytes with norepinephrine (13) or as shown now in C2C12 cells with DM ( Fig. 1 ). Binding of CaN to mAKAP␤ was required for NFATc3 activation in cardiac myocytes (13) and MEF2D dephosphorylation at Ser-444 (Fig. 2) . It has been reported that CaN translocates into the nucleus with NFAT transcription factors when activated (25) . Remarkably, disruption of mAKAP␤ signalosomes, using mAKAP siRNA or the CBD anchoring disruptor, prevented CaN accumulation in nuclear fractions (Fig. 1) . Our results imply that mAKAP␤ is important not just for CaN association with the perinuclear scaffold, but also general CaN action in the nucleus.
We show that association of the phosphatase and transcription factor with the scaffold are required for MEF2D Ser-444 dephosphorylation and the resulting critical changes in MEF2D post-translational modification that affect transcriptional regulation. In proliferating skeletal myoblasts ( Fig. 1 ) and unstimulated cardiac myocytes (13) in which CaN is not highly bound to mAKAP␤, MEF2D-HDAC repressor complexes apparently predominate (Figs. 5 and 6). Besides MEF2D regulation by posttranslational modifications that affect HDAC binding, class IIa HDACs are regulated by nuclear-cytoplasmic translocation (6) . Following cellular stimulation, protein kinase D and Ca 2ϩ / calmodulin-dependent protein kinases catalyze HDAC phosphorylation, 14-3-3 binding to HDACs, and HDAC nuclear export (26) . Notably, mAKAP␤ also serves as a scaffold for both class IIa HDACs and protein kinase D and is required for HDAC nuclear export in cardiac myocytes (12) . In this regard, mAKAP␤ signalosomes not only inhibit MEF2 binding to A, C2C12 cells co-transfected with expression plasmids for GFP-and FLAG-tagged MEF2D and EYFP-tagged SUMO1 were cultured in GM or DM for 3 h before immunoprecipitation using FLAG antibodies and Western blotting using MEF2D and SUMO1 antibodies. Note that sumoylated MEF2D was not detectable in total extracts (not shown). To prevent desumoylation, 25 mM N-ethylmaleimide was added to the lysis buffer. B, HEK293 cells were co-transfected with GFP-and FLAG-tagged MEF2D mutants and EYFP-tagged SUMO1 before immunoprecipitation using FLAG antibodies and Western blotting as in A. p (one-way ANOVA) ϭ 0.004. C, same as A except C2C12 cells transfected with mAKAP or control siRNA. p (two-way ANOVA for both factors and interaction) Ͻ 0.03. D, same as A except using C2C12 cells co-expressing mCherry or CBD-mCherry. p (two-way ANOVA for mCherry proteins expressed and interaction) Ͻ 0.04. n ϭ 3 independent experiments for all panels. *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001. Error bars, S.E.
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HDACs via Ser-444 CaN-catalyzed dephosphorylation, but also promote HDAC export from the nucleus, permitting the formation of active MEF2D transcriptional complexes on nuclear chromatin. Whereas mAKAP␤-dependent signaling explains how MEF2-HDAC complexes can be dissociated, the protein kinase(s) responsible for phosphorylating MEF2D Ser-444 in myocytes and maintaining HDAC binding is unknown. Onecandidateiscyclin-dependentprotein5(Cdk5),whichphosphorylates Ser-444 in neurons and heterologous cells (9, 27) and is inhibited by nestin during skeletal myoblast differentiation (28) . It is worth noting that whereas the class IIa HDACs HDAC4 and HDAC5 can both bind MEF2D, neither is a MEF2D deacetylase (29) . Instead, class I HDAC3 (but not HDAC1, -2, and -8) and class 3 NAD ϩ -dependent deacetylase SIRT1 (but not SIRT2) deacetylate MEF2D (29, 30) , consistent with the known distinct functions of different classes of HDACs (6) . It is currently unknown where MEF2D is deacetylated (and Ser-444 is phosphorylated) and whether class I or 3 HDACs associate with mAKAP␤ signalosomes.
Dephosphorylation of MEF2D Ser-444 permits MEF2D Lys-439 desumoylation by SUMO protease and acetylation of that residue (31) . We show herein that CaN-dephosphorylated MEF2D preferentially binds p300 (Fig. 6 ). p300 lysine acetyltransferase is a prototypical histone acetylase recruited by many transcription factors to chromatin, where p300 preferentially associates with promoters and enhancers in active transcription units (32) . p300 serves both to acetylate histones and to form protein-protein interactions with basal transcription factors, resulting in RNA polymerase II recruitment. p300 can also acetylate MEF2D and is presumably responsible for MEF2D Lys-439 acetylation (29) . Thus, in contrast to the lack of class IIa HDAC MEF2D deacetylase activity, the binding of p300 should promote the maintenance of MEF2D co-activator complexes through continued MEF2D acetylation. In addition, because p300 can serve as a large scaffold that associates multiple transcription factors, MEF2D-p300 binding can result in the formation of larger transcriptional complexes. For example, MEF2D-p300 binding induces the association of MEF2D with MyoD and NFATc1 at the Myh7 promoter (24), consistent with our observation that dephosphorylated MEF2D stably associates with the Myh7 MyoD site in a pulldown assay (Fig. 7) . mAKAP␤-dependent MEF2D post-translational modification is likely to be a general mechanism for MEF2D complex formation as the class IV POU domain protein Emb, MEF2D, and p300 form a complex in the mouse Actc1 (cardiac actin) distal enhancer (33) . Further, because mAKAP␤ regulates other transcription factors besides MEF2 (16) , including the nuclear import of NFATc family members by mAKAP␤-bound CaN (13, 15) , mAKAP␤ signalosomes may contribute more broadly to the formation of MEF2D co-activator complexes.
This study reveals the regulation of MEF2D by a cascade of altered post-translational modifications initiated by CaN-catalyzed dephosphorylation at mAKAP␤ signalosomes. Whereas one might assume that enhancing MEF2D-activated gene 
expression would be favorable in skeletal muscle, where MEF2D and mAKAP␤ promote maturation of myocytes (17) , inhibition of mAKAP␤-MEF2D signaling may be advantageous in the heart, where it drives pathological remodeling (5, 15) . Inhibition of CaN is problematic as a heart therapy due to its requirement for myocyte survival following an ischemic event and because current CaN inhibitors are immunosuppressant (34) . Targeting of mAKAP␤ signalosomes using tissuespecific delivery of anchoring disruptor peptides, including those based upon the CaN-and MEF2D-binding peptides, may provide an approach to achieve inhibition of cardiac remodeling and prevent the development of heart failure that bypasses the use of current CaN inhibitors that have significant side effects.
Experimental procedures
Reagents
Antibodies included mouse anti-MEF2D (Santa Cruz Biotechnology, Inc., sc-271153), rabbit anti-phospho-Ser-444 MEF2D (Thermo Fisher Scientific, PA5-38293), mouse anti-HDAC5 (Santa Cruz Biotechnology, sc-133225), rabbit anti-p300 (Santa Cruz Biotechnology, sc-48343), rabbit anti-mAKAP (23), mouse anti-FLAG tag (Sigma, A220), mouse anti-CaNA␤ (Santa Cruz Biotechnology, sc-365612), mouse anti-lamin (Santa Cruz Biotechnology, sc-7293), mouse anti-GAPDH (Santa Cruz Biotechnology, sc-20358), mouse anti-Sumo1 (Santa Cruz Biotechnology, sc-5308), rabbit anti-acetylated lysine (Cell Signaling, 9441), rabbit anti-mCherry (BioVision Inc., 5993100), mouse anti-GFP (Santa Cruz Biotechnology, sc-9996), rabbit anti-GFP (Invitrogen, A11122), mouse anti-␣-actinin (Sigma A7811), rabbit antiactin (Cell Signaling, 8456), and mouse anti-myogenin (Santa Cruz Biotechnology, sc-12732). The MF-20 antibody developed by Donald A. Fischman, M.D. was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD, National Institutes of Health, and maintained by the Department of Biology, University of Iowa (Iowa City, IA). ON-TARGETplus siRNA oligonucleotides were mAKAP (5Ј-GGAG-GAAAUAGCAAGGUUAUU-3Ј, NM_198111.2 bp 7809 -7827) and Nontargeting siRNA 1 from Dharmacon. The expression plasmid for FLAG and mCherry-tagged CaN (A␤ isoform) was constructed by Genewiz by inserting a CaN cDNA with a C-terminal FLAG tag into the EcoRI and BamHI sites of pmCherry-C1. Expression vectors (pcDNA3.1) for FLAG-tagged human MEF2D WT, S444A, and S444E were generously provided by Dr. Xiang-Jiao Yang (31) . An expression plasmid for FLAG-and GFP-tagged MEF2D (pEGFPN1-FLAG-MEF2D) was constructed by inserting a PCR-amplified cDNA for mouse MEF2D ␣1␤ isoform (Gen-Bank TM number S68893) with a C-terminal FLAG tag into the Figure 5 . Regulation of MEF2D-HDAC5 binding. A, C2C12 cells co-transfected with expression plasmids for GFP-and FLAG-tagged MEF2D and GFP-tagged HDAC5 were cultured in GM or DM for 3 h before immunoprecipitation using FLAG antibodies and Western blotting using MEF2D and HDAC5 antibodies. p (one-way ANOVA) ϭ 0.003. B, HEK293 cells were transfected with GFP-and FLAG-tagged MEF2D mutants and GFP-HDAC5 before immunoprecipitation using FLAG antibodies and Western blotting as in A. p (one-way ANOVA) Ͻ 0.0001. C, same as A except using C2C12 cells transfected with mAKAP or control siRNA. p (two-way ANOVA for both factors and interaction) Ͻ 0.04. D, same as A except using C2C12 cells co-expressing mCherry or CBD-mCherry. p (two-way ANOVA for growth media and interaction) Ͻ 0.04. n ϭ 3 independent experiments for all panels. *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001. Error bars, S.E.
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HindIII and AgeI sites of pEGFPN1 (Clontech). S444A and S444E mutations were generated by site-directed mutagenesis. The expression plasmid for EYFP-tagged SUMO was a gift from Mary Dasso (Addgene plasmid 13380 (35) ). The expression plasmid for GFP-tagged HDAC5 was a gift from Reuben Shaw (Addgene plasmid 32211 (36) ). The expression plasmid pcDNA3.1-p300 was a gift from Warner Greene (Addgene plasmid 23252 (37)). Expression vectors for the CaN (mAKAP aa 1285-1345) and MEF (mAKAP aa 301-500) anchoring disruptor peptides were as described previously (10, 12) .
C2C12 cell culture
C2C12 mouse skeletal myoblasts were passaged at low density in GM (Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen)). Cells were monitored for spontaneous differentiation due to overgrowth. To induce differentiation, cells at ϳ70% confluence were washed with PBS and cultured in DM (DMEM supplemented with 2% horse serum and 1% penicillin/streptomycin). Two days prior to transfection, cells were plated at 40% confluence in GM. Cells were transfected using Viromer Red transfection reagent for plasmids (Origene TT100302) or Viromer Blue for siRNA (Origene TT100300) following the manufacturer's instructions.
Briefly, DNA was diluted to 11 ng/l in 300 l of RED Buffer while 2.4 l of Viromer RED was incubated in 57.6 l of RED Buffer. After mixing, the solution was incubated for 15 min at room temperature before the addition to one 35-mm dish. The next day, cells were washed extensively and incubated in DM for 3-24 h.
Culture of primary neonatal rat ventricular myocytes
Myocytes were prepared as described previously (38) . Briefly, cardiac ventricles free of atria and connective tissue were isolated from 1-3-day-old rat pups euthanized by decapitation. Myocytes were dissociated by several cycles of trypsin treatment and serum neutralization. After dissociation, the cells were collected by centrifugation, passed through a 70-m mesh cell strainer to remove clumps, and preplated in culture dishes to remove fibroblasts. After 1 h, the medium containing the unattached myocytes was removed, and the cells were collected by centrifugation and plated again in 6-well dishes at a density of 500,000 myocytes/plate. Plating medium was DMEM with 17% Medium 199, 1% penicillin/streptomycin (Gibco-BRL), 10% horse serum, and 5% fetal bovine serum. The following day, the plates were washed and then incubated with plating medium containing neither horse serum nor fetal bovine serum (maintenance medium). Myocytes in maintenance medium Figure 6 . Regulation of MEF2D-p300 binding. A, C2C12 cells co-transfected with expression plasmids for GFP-and FLAG-tagged MEF2D and p300 were cultured in GM or DM for 3 h before immunoprecipitation using FLAG antibodies and Western blotting using MEF2D and p300 antibodies. p (one-way ANOVA) ϭ 0.003. B, HEK293 cells were transfected with GFP-and FLAG-tagged MEF2D mutants and GFP-HDAC5 before immunoprecipitation using FLAG antibodies and Western blotting as in A. p (one-way ANOVA) ϭ 0.02. C, same as A except C2C12 cells transfected with mAKAP or control siRNA. p (two-way ANOVA for both factors and interaction) Ͻ 0.04. D, same as A except using C2C12 cells co-expressing mCherry or CBD-mCherry. p (two-way ANOVA for growth media and interaction) Ͻ 0.05. n ϭ 3 independent experiments for all panels. *, p Յ 0.05; **, p Յ 0.01. Error bars, S.E.
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supplemented with 4% horse serum were transfected with plasmids using Transfast (Promega) as recommended by the manufacturer. Myocytes were cultured for 2 days before analysis in the absence or presence of agonist, before immunocytochemistry and fluorescent imaging were performed as described previously (10) . At least 25 individual cells were measured for each condition for each biological replicate. The Stanford University Administrative Panel on Laboratory Animal Care approved all animal procedures used in this work.
HEK293 cell culture
HEK293 cells were cultured in GM. Transfection of HEK293 cells was performed using MegaTran transfection reagent (Origene TT200002). Briefly, 1 g of DNA was incubated in 200 l of Opti-MEM and 3 l of MegaTran for 10 min before the addition to HEK293 cells previously plated on 60-mm dishes containing 2 ml of Opti-MEM without antibiotics. Cells were used for immunoprecipitation experiments the following day.
Subcellular fractionation
Nuclear and cytosolic fractions were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Kit from Thermo Fisher Scientific. Purity of the fractions was determined by Western blotting for lamin A/C and GAPDH.
Immunoprecipitation assays
Cells were washed twice with PBS and then lysed with 1 ml of HSE buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol) supplemented with protease inhibitors (4-(2-aminoethyl)-benzenesulfonyl fluoride, benzamidine, leupeptin/pepstatin). For experiments to detect sumoylation of MEF2D, 25 mM N-ethylmaleimide was added to the lysis buffer. For detection of MEF2D acetylation, cells were incubated with 5 M trichostatin A HDAC inhibitor for 3 h before lysis, and 5 M trichostatin A was also added to the lysis buffer. Following centrifugation at 13,200 rpm at 4°C, soluble cell lysates were incubated with 15 l of Protein G beads and 2 g of antibody overnight at 4°C. Beads were pelleted and washed three times with HSE buffer and boiled in 25 l of 2ϫ SDS loading buffer. Samples were separated on either 7.5 or 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Blots were blocked in 5% milk for 1 h, followed by incubation in primary antibody overnight at 4°C. Following washes, secondary antibodies (horseradish peroxidaseconjugated rabbit or mouse IgG, Santa Cruz Biotechnology) were incubated with the membranes (1:10,000 for MEF2D and 1:5000 for all others) overnight. Signals were visualized with an enhanced chemiluminescence reagent (Pierce) and exposed to X-ray film.
Avidin biotin-conjugated DNA-binding (ABCD) assay
Detection of MEF2D-DNA complexes was by the ABCD pulldown assay described by Glass et al. (39) . Double-stranded, oligonucleotides biotinylated at the 3Ј end of the sense strand were obtained for Ϫ472 to Ϫ423 bp of the rabbit Myh7 promoter (Ϫ472 to Ϫ423) (24) . Oligonucleotides containing random sequence were used as a control. Oligonucleotide probes (0.1 M) were incubated with extracts derived from transfected C2C12 cells and 20 l of Neutravadin agarose (Thermo Fisher Scientific, 29200). After an overnight incubation at 4°C while rocking, the beads were washed extensively in lysis buffer, and bound proteins were eluted for SDS-PAGE. Bound MEF2D was detected by Western blotting. A, C2C12 cells expressing GFP-and FLAG-tagged MEF2D were cultured in GM or DM in the absence or presence of cyclosporin A (500 nM) for 3 h before pulldown assay using a biotinylated oligonucleotide based upon a Myh7 MyoD cis-active element (24) and Western blotting using MEF2D antibodies. Myh7m is a mutant oligonucleotide control. p (one-way ANOVA) ϭ 0.004. B, same as in A except using HEK293 cells co-expressing mutant MEF2D proteins. p (two-way ANOVA for MEF2D mutants and interaction) Ͻ 0.04. C, same as A except C2C12 cells transfected with mAKAP or control siRNA. D, same as A except using C2C12 cells co-expressing mCherry or CBD-mCherry. p (two-way ANOVA for both factors and interaction) Ͻ 0.02 for C and D. n ϭ 3 independent experiments for all panels. *, p Յ 0.05; **, p Յ 0.01. Error bars, S.E.
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Matched one-or two-way ANOVA was performed as appropriate, followed by Tukey or Dunnett post hoc testing using GraphPad Prism version 7. For single comparisons, two-tailed t-tests were performed. All data are presented as mean Ϯ S.E.: *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001. Note that for multiple comparisons, not all post hoc tests are indicated in the figures, such that a lack of symbols does not imply p Ͼ 0.05. A, C2C12 cells transfected with mAKAP or control siRNA were cultured for 24 h in GM and DM before analysis by Western blotting. p (two-way ANOVA for both factors and interaction) Ͻ 0.03 for both genes. B, same as in A except with cells expressing GFP-and FLAG-tagged MEF2D WT and mutant proteins. p (two-way ANOVA for MEF2D mutants and interaction) Ͻ 0.01 for myosin; p (two-way ANOVA for MEF2D mutants) ϭ 0.02 for myogenin. C, neonatal rat ventricular myocytes were transfected with plasmids expressing FLAG-tagged MEF2D mutants and marker GFP and stained with ␣-actinin (red) and FLAG (blue) antibodies. The GFP channel is shown also in grayscale below. Bar, 10 m. Myocyte cross-section areas measured using GFP images are shown. n ϭ 3 independent experiments for A-C. p (two-way ANOVA for both factors) Ͻ 0.05. D, model for regulation of MEF2D chromatin complexes by perinuclear mAKAP␤ signalosomes. We propose that MEF2D dynamically associates with chromatin, such that transient association with mAKAP␤ facilitates its regulation by CaN. HDAC nuclear export is also promoted by mAKAP␤-dependent signaling (12) .
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